Abstract: This paper gives the results of the risk-based safety analysis of the seismic resistance of the NPP (Nuclear Power Plants) in Slovakia. The probabilistic assessment of NPP safety analysis is presented. On the base of the geophysical and seismological monitoring of locality the peak ground acceleration and the uniform hazard spectrum of the acceleration was defined for the 10 000 years return period using the Monte Carlo simulations. There is showed summary of calculation models and calculation methods for the probability analysis of the structural safety considering load, material and model uncertainties. The algorithms to generate a synthetic ground motion accelerogram compatible with a response spectrum taking soil damping into account is presented. The numerical simulations were realized in the system ANSYS. The results from the reliability analysis of the NPP structures are presented.
Introduction
The IAEA (International Atomic Energy Agency) set up a program [1] to give guidance to its member states on the many aspects of the safety of nuclear power reactors. The risk of the NPP performance from the point of the safety must be calculated by consideration of the impact of the all effects during plant operation. The PSA (Probabilistic Safety Analysis) is one from the effective methods to analyse the safety and reliability of the NPP. The international standard NUREG [2] defines the principal steps for the calculation of the risk of the NPP performance by LHS probabilistic method.
• The accidents caused by the earthquake even are the critical emergencies from the point of the NPP performance. This paper gives the experiences from the seismic analysis of the operated NPP in Slovakia [3] [4] [5] [6] [7] [8] [9] . The earthquake resistance analysis of NPP buildings in Slovakia were based on the recommends of international organization IAEA in Vienna to get international safety level of the nuclear power plants.
Seismic safety evaluation programs of the NPP structures should contain three important parts [5] • The assessment of the seismic hazard as an external event, specific to the seismic-tectonic and soil conditions of the site, and of the associated input motion;
• The safety analysis of the NPP resulting in an identification of the selected structures, systems and components appropriate for dealing with a seismic event with the objective of a safe shutdown;
• The evaluation of the plant specific seismic capacity to withstand the loads generated by such an event, possibly resulting in upgrading.
Seismic Safety Assessment
On the base of the experience from the re-evaluation programs in the membership countries IAEA in Vienna the seismic safety standard No.28 was established at 2003 [1] . Seismic safety evaluation programs should contain three important parts
• The assessment of the seismic hazard as an external event, specific to the seismic-tectonic and soil conditions of the site, and of the associated input motion;
• The safety analysis of the NPP resulting in an identification of the SSSCs (Selected Structures, Systems and Components) appropriate for dealing with a seismic event with the objective of a safe shutdown;
The assessment of the seismic hazards specific to the seismic-tectonic conditions at a site is performed on the following bases:
• IAEA Safety Guides [1, 10, 11] , • Use of current internationally recognized methods and criteria [6, [12] [13] [14] [15] ,
• New data [7, 16] . Two levels of the seismic load are defined in the standards [1] . SL-1 (First level) is coincident with the design earthquake and SL-2 (second level) corresponds to the maximum design earthquake. On the base of the IAEA requirements the NPP structures of the first category have been resistance due to seismic level SL-2. This seismic level [1] should be updated in accordance with the above bases in the event that a reason for this has appeared since the evaluation of the SL-2 design level and should be used in the evaluation. In particular, the PGA (Peak Ground Acceleration) of the RLE (Review Level of Earthquake) should not be less than 0.1 g. The level of the seismic risk is characterized by the probability level (return period) and the peak ground accelerations values, which are the typical free field zero period acceleration values at the ground surface. The comparison of the ground motion input level for new plants is presented in the Table 1 .
Seismic Re-evaluation Program of NPP in Slovakia
A re-assessment of the seismic hazard specific to the seismic-tectonic conditions at the site was considered by the SAV (Slovak Academy of Sciences) based on IAEA NUSS SO-SG-S1 and S8 [8] ; US NRC-RG 1.60 and NUREG/CR-0098 [2] . IAEA is providing technical assistance to the Slovak regulatory authorities for reviewing the work results. Therefore the RLE (Review Level Earthquake) should correspond to the SL-2 level (Second Seismic Level), Table 1 directly related to ultimate safety requirements. This is a level of extreme ground motion that shall have a very low probability of being exceeded during the plant lifetime and represents the maximum level of ground motion to be used for design and re-evaluation purposes. For the probability of occurrence a typical value of 10 -4 /year is usually used and for the ground response spectra an elastic one is selected. As formulated by the Slovak authorities, the main objective of the seismic re-evaluation programs of NPP is to enhance the seismic safety of the plant to the level generally accepted by the international community and in compliance with the valid standards and recognized practice. These programs should have three important components:
(i) the re-assessment of the seismic hazard as an external event, specific to the site seismic-tectonic conditions;
(ii) the evaluation of the plant specific seismic capacity to withstand the loads generated by event;
(iii) upgrading if necessary. Regarding the first component (i), the geological stability and the ground motion parameters should be assessed according to specific site conditions and in compliance with criteria and methods valid for new facilities. In relation to the second component of the programs (ii) and considering that the plant has been originally designed for an earthquake level lower than the one would preliminarily be established for the site in compliance with IAFA NUSS 50-SG-S1 [10] . On the base of the results of the seismic analysis of the structure capacity the upgrade concept (iii) will be designed. Each service is designated with a code indicating the type of review provided in terms of the stage of assessment (see Fig. 2 ).
Seismic Safety Criteria
The decision should be made early on whether either the SPSA (Seismic Probabilistic Safety Assessment), SMA (Seismic Margin Assessment), or EPRI (Electric Power Research Institute) seismic Flow diagram for seismic re-evaluation and upgrading existing nuclear power plants safety evaluation methods are to be used [2, 6, 13, 15] . These methods have an advantage in that the entire plant may be evaluated as an integrated unit, including system and spatial interactions, common cause failure, human actions, non-seismic failures and operating procedures. The seismic resistance of the existing building structures as well as the technological equipment can be executed by the SMA method, especially its variant known as CDFM (Conservative Deterministic Failure Margin) depending on HCLPF (High Confidence Low Probability of Failure) determination of the seismic margin values. The CDFM method is based on an assumption that all the building structures and all the technological equipment components were designed properly for any non-seismic loads and conditions. The HCLPF approach or an equivalent method may be used to verify the seismic capacity of NPP. The general criteria for CDFM approach is contained in [15] .
The value of the HCLPF parameter depends on the equipment structure or component resistance (R) and the corresponding effect of action (E) using elastic or inelastic behaviour.
The resistance factors are calculated as follows:
(1) where E Si , or E Sa is the seismic response to RLE (SL-2) inertial actions, or corresponding different seismic
Generally the HCLPF parameter is
(2) and this value must always be HCLPF > PGA.
The HCLPF seismic margin value can also be determined via a non-linear elastic-plastic calculation (e.g., limit analysis defined in the ASME BPVC Section III -Mandatory Appendix XIII).
Seismic Input Data
In cooperation with several Slovak and foreign institutions, the Geophysical Institute of Slovak Academy of Sciences (GPI SAS) performed the probabilistic seismic hazard assessment for the Bohunice and Mochovce Nuclear Power Plants [16] . The 60 seismic stations monitor the earthquake activities on Slovak territory. All seismic stations are registered in the International Seismological Centre, ISC, in the Great Britain. The result from these monitoring are the macro-seismic earthquakes catalogue for Slovakia which consists of more than 650 earthquakes for recent 500 years.
The methodology of the probabilistic analysis of the seismic risk is based on the following activities:
(1) Identification of the earthquake source zones; (2) .Definition the relation of the frequency of earthquake evens; (3) .Determination of the damping relations for the monitored zones; (4) .Determination of the local seismic hazard. The seismic response can be calculated in the frequency (spectrum response analysis) or time domain (transient analysis) [6] .
The probabilistic analysis was performed for various scenario of the earthquake evens in program SEISRISK III by GPI SAS [16] . The result from these analyses was the value of the PGA (Peak ground acceleration) for the 84% probability not exceedance at 10000 years return period. The ground response spectrum (GRS) was calculated using 6 natural accelerograms from the global database considering the uniform hazard and the geophysical characteristics of the locality. The comparison of the GRS and NUREG design spectrum for Mochovce locality are imagined in the Figs. 3 and 4 .
The seismic response can be calculated in the frequency (spectrum response analysis) or time domain (transient analysis) [18] .
Response Spectrum Compatible Accelerogram
To provide input excitations to structural models for sites with no strong ground motion data, it is necessary to generate the synthetic accelerogram. It 
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has long been established that due to parameters such as geological conditions of the site, distance from the source, fault mechanism, etc. different earthquake records show different characteristics. Based on Kanai's investigation regarding the frequency content of different earthquake records, Tajimi proposed the following relation for the spectral density function of the strong ground motion with a distinct dominant frequency [6] :
Here ξ g and ωg are the site dominant damping coefficient and frequency, and S 0 is the constant power spectral intensity of the bed rock excitation. The generalized no stationary Kanai-Tajimi's model is represented by the following equation [17] :
where u f is the filtered response, ω g is dominant ground frequency, ξ g is the effective ground damping coefficient, ü g is the output ground damping acceleration, and e(t) is the amplitude envelope function. After numerical integration of Eq. (4) can be evaluate the ground damping acceleration ü g . The requirements for the synthetic ground motion accelerogram according to standard ASCE 4/98 [18] are following:
(1) The mean of the zero-period acceleration (ZPA) values shell equal or exceed the design ground acceleration, (2) In the frequency range 0.5 to 33 Hz, the average of the ratios of the mean spectrum to the design spectrum, where the ratios are calculated frequency by frequency, shall be equal to or greater than 1.
(3) No one point of the mean spectrum (from the time histories) shall be more than 10% below the design spectrum.
(4) The three components of motion in the orthogonal directions shall be statistically independent (with mean correlation smaller than 0.3), and the time histories shall be different.
The program COMPACEL was created by J. Kralik to generate synthetic accelerograms. The comparison of the synthetic acceleration spectrum and GRS spectrum in the case of three and one accelerograms is showed in Figs. 5 and 6 [6] .
Fig. 5
The spectrum compatible design horizontal accelerogram.
Fig. 6
The spectrum compatible design vertical accelerogram. Fig. 7 Comparison of the synthetic acceleration spectrum and GRS spectrum. Using three accelerograms for the calculation of spectrum response the calculation results is less conservative than for one accelerogram.
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Calculation model of NPP Structure
The NPP WWER 440 building consists of six objects -reactor building, bubbler tower, air-conditioning centre, turbine building, and lengthwise side electrical building and cross side electrical building [6] The foundation strip and foot under columns are in the cross side electrical building and turbine building. The global geometry of the NPP structures in Jaslovské Bohunice and Mochovce is identical, but the bracing system and the section area of the steel elements are different. The NPP building was discredited [6] by the 3D finite elements model to obtain realistic behaviour of structure. The FEM model consists of 161.856 elements with 440.531 degrees of freedom. The drawbars are modelled by bilinear elements and contact between bubbler tower and air-conditioning centre by gap elements.
The seismic loading was considered by spectrum compatible 3D accelerograms at foundation level to response. The material damping occurring in the soil and the structure mainly involves a frictional loss of energy [6] . 
Seismic Response Analysis
The differential equation of motion of finite element system under seismic motion of ground can be written [17] in the well-known matrix form We propose, that
Eq. (6) can be decomposed to m-vectors of the eigenvalues by substitutions
where Putting the Eq. (7) to (5) the equation of motion of the modal coordinates is obtained in the form:
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where ξ i is a damping ratio of i-mode, ω i is a natural circular frequency i-mode, Γ i is a participation factor defined following
Modal damping in the Eq. (11) is defined as
where α is an uniform mass damping multiplier, β is an uniform stiffness damping multiplier, ξ is a constant damping ratio, ξ mi is a modal damping ratio.
The transient analysis was realized by direct integration in time of dynamic Eqs. (5) and (9) by Newmark. This method is move convenient for problem solution with necessity to wave character of action.
Seismic Resistance of NPP Buildings
On the base of SMA methodology the seismic resistance of the NPP structures in Slovakia was calculated. The locality of J. Bohunice and Mochovce are in the different tectonic and seismic site. Also, hence the seismic risk level and the geological condition are different too.
The original design seismic load was defined in accordance with the contemporary Soviet standards VSN -15 -78 and SNIP-2-7-81.
The following values were defined at that time for the seismic design of seismic category I buildings:
• Design Earthquake -DE, with an intensity 5 in MSK-64 scale;
• Maximal Calculation Earthquake -MCE, with an intensity 6 in MSK-64 scale, and PGA = 0.05 g (e.g., PGA = 0.1 g) for Mochovce (e.g., J. Bohunice). During the last 30 years the seismic monitoring of these localities were realized under the supervision of the Slovak Academy of Sciences [16] .
In the actual time the new values of the peak ground accelerations were defined -PGA RLE = 0.35 g in J.
Bohunice and PGA RLE = 0.14 g in Mochovce site for the re-evaluation of the seismic resistance of the NPP structures. The seismic resistance of the origin structures in J. Bohunice was not convenience from the point of new IAEA requirements and new seismic load. During the years 2001-2003 the NPP structures in J. Bohunice were upgraded. The alternative conception was used in NPP in Paks [18] . There was built the steel bridge structure between two concrete structures of the bubbler towers (Fig. 10) .
The seismic upgrading concept was created in cooperation the STU Bratislava and Stevenson & Associate, subsequently it was developed in cooperation the STU Bratislava and Framatome ANP GmbH [6] . The bracing systems of the vertical wall in turbine hall, reactor hall longitude and transversal galleries were strengthened. The anchorage of steel structures of gallery floors to the concrete structure of the reactor building was strengthened. The seismic safety of NPP building, after strengthening of the steel structures of gallery building floors to the concrete structure of the reactor building, is determined by the seismic resistance of the gallery anchors and secondary columns of the ventilating hall.
Floor Response Spectrum
The equipment and interior structures of NPP are designed using FRS (Floor Response Spectrum) as seismic loads. This spectrum is calculated from the time-history motions resulting from the dynamic analysis of the supporting structures in accordance of requirements of nuclear guide RG 1.122 [6] .
The FRS can be calculated from the in-structure spectra on the base of deterministic and semi probabilistic methods [6] . The results from the calculation of FRS in all NPP buildings show, that in the case of the floor with the higher variability of distributed masses and slab stiffness, the FRS values are more conservative as the envelope of maximum spectrum values in various points of floor [6] .
Deterministic method to generate FRS is defined in NUREG 0800 [2] and IAEA rep. No28 [1] . The response spectrum in the points of floor is calculated using the transient analysis of the structure from synthetic 3D accelerograms (median+sigma). One or three 3D accelerograms can be used as input loads. The material properties are calculated with median values (best estimation). The damping values are requirement in ASCE 4/98 [18] (max.7% for steel and 10% for concrete structures and rock soil). The floor response spectrum may be calculated as envelope of maximum of mean spectrum values in each typical point (minimum 5 points are recommended).
Probabilistic method to generate FRS is based on the statistical methods considering the uncertainties as a seismic risk, soil structure interaction, material properties, calculation model and other... The response spectrum in the points of floor is calculated using the transient analysis of the structure from group of synthetic 3D accelerograms [6] . In the case of the rock soil the median and variation of the input accelerograms must be equivalent to values of seismic risk for this locality. The FRS may be calculated as statistical envelope (median+sigma) of the spectrum values in all typical point. The statistical characteristic of input and output parameters are investigated for lognormal distribution.
Semi-probabilistic method to generate FRS is based on the combination of deterministic and probabilistic methods. The total variation is calculated from the variation of the input loads, material properties and response in various typical points on the floor.
The uncertainties of the soil-structure interaction effects and calculation model can be considered by broadening and lowering of in-structure time history motion in accordance of requirements of standard ASCE 4/98 [19] .
The results from the calculation of FRS in all NPP buildings show, that in the case of the floor with the higher variability of distributed masses and slab 
Conclusions
This paper presented the deterministic and probabilistic methodology to analysis the seismic resistance of NPP in Slovakia. There were summarized the works performed by the IAEA in the areas of safety review. There were summarized the works performed by the IAEA in the areas of safety review. The generation of the seismic loads on the base of probabilistic seismic risk analysis was described. The calculation models and methods for generation FRS in the NPP buildings in accordance with international standard were presented. The synthetic spectrum compatible accelerograms generated in program COMPACEL were presented in comparison with requirements ASCE4/98 standard. The results from this analysis present the international level of the seismic resistance of the NPP structures in Slovakia.
